The aim of this study was to understand the changes of decompression illness in healthy divers by comparing diffusion-weighted (DWI) and diffusion tensor MRI findings among healthy professional divers and healthy non-divers with no history of diving.
Background
Scuba (self-contained underwater breathing apparatus) diving is a form of underwater diving using a completely independent apparatus. In the United States, there are approximately 9 million certified divers [1] . Divers are repeatedly exposed to high pressure and must inevitably experience decompression stress upon return to the surface. Thus, intense periods of hypobaric decompression stress (known as decompression illness) and cerebral hypoxia promote injuries in different brain regions in healthy high-altitude workers, as well as in scuba divers. A recent meta-analysis reported on prevalence of white matter lesions as the proportion of the total number of participants having any (³1) white matter lesion on magnetic resonance imaging (MRI) brain scan in a well-defined (intervention) cohort of professional divers and in a matched non-diver control group [2] . The incidence of decompression illness (DCI) among recreational scuba divers is estimated to be 1 per 5000-10 000 dives [1] .
Severe injuries and death are uncommon in scuba diving accidents; however, the increasing popularity of scuba diving had led to a dramatic increase in the number of diving-related central nervous system complications. Dive-related complications range from nonspecific complaints such as dysesthesia to serious complications such as quadriplegia, encephalopathy, and death [3, 4] .
DCI is the result of releasing inert gas bubbles (usually nitrogen) into the bloodstream, interstitial fluids, tissues, and organs after rapid reduction of ambient pressure [4] [5] [6] [7] . Nitrogen bubbles affect the brain, spinal cord, cranial and peripheral nerves, and the neural vasculature by vascular stenosis or obstruction, mechanical disruption, compression, and activation of inflammatory mechanisms (e.g., cytokines and complement) [4, 7] . The cerebral cortex, cerebellum, hippocampus, basal ganglia, and thalamus are usually sensitive to hypoxia and ischemia [8] . The caudate nucleus, putamen, insula, precentral gyrus, inferior frontal, and middle frontal gyri are the regions most sensitive to decreased cerebral blood flow (CBF) and to hypoxia [9] .
About 30-40% of cerebral DCIs affect arterial circulation, while 50-60% of spinal cord DCIs involve obstruction of venous drainage, which follows formation of bubbles within the cord parenchyma [10] . In DCI, clinical symptoms depend on origin, location, and size of the lesions. Although conventional neuroimaging modalities are mostly inadequate in the assessment of lesions, various MRI sequences are helpful in identifying lesion pathophysiology [11] .
Diffusion-weighted magnetic resonance imaging (DWI) and apparent diffusion coefficient (ADC) provide cell-level information about the movement and functional environment of water in normal and pathological tissue. DWI is sensitive to changes in the micro-diffusion of water within the intra-and extra-cellular spaces. ADC reflects these changes and provides an important quantitative biophysical parameter [12] [13] [14] . A type of diffusion tensor metric, fractional anisotropy (FA), is highly sensitive to microstructural changes, but not very specific to the type of change (e.g., radial or axial) [15] .
The hippocampus, globus pallidus, and putamen are the brain areas responsible for memory, learning, navigation, and finemotor control movements [16, 17] . In this study, signal changes due to hypoxia in different brain areas were detected in DWI scans of 11 experienced divers (cohort group) and 15 healthy non-divers (control group). We also compared DWI findings between healthy professional divers and healthy non-divers who had no diving history.
Material and Methods
This prospective study was approved by the Medical Ethics Committee of our hospital (decision number B.30.2.BAV.0.05.05/500). Written informed consent was obtained from all applicants for performing MRIs and for publication of their characteristics and accompanying images.
Inclusion and exclusion criteria
Out of a total of 26 healthy males (2 of the 28 experienced divers were excluded due to loss to follow-up or losing their control MRIs), 11 were experienced divers with no history of past acute neurological DCI and 15 were healthy non-divers, and these 26 individuals were selected as the core sample used for this study. Inclusion criteria for the cohort group were: certified diver, diving time was more than 1000 hours, depth of diving was more than 30 meters, number of dives was more than 500 times, and all divers were selected with no history of past acute neurological DCI, trauma, or chronic diseases such as diabetes mellitus, hypertension, chronic obstructive pulmonary diseases, coronary artery diseases, or thyroid dysfunction. Individuals in the control group were randomly selected from among male volunteers who had normal neurological examination results and who were in same age range as the cohort group.
One of the divers used Trimix (a breathing gas consisting of oxygen, helium, and nitrogen, and is often used in deep scuba diving), 3 divers used Trimix and Nitrox (oxygen-enriched air), and the remaining 7 divers used only Nitrox air sources.
Radiologic assessment
There was a minimum interval between neurological examination and the last dive of 2 days, and not more than 1 week, with an average interval of 4 days. MRI for all participants was performed using a 1.5-T machine (Avanto, Siemens Healthcare). The MRI protocol included the following sequences: T1-weighted images, T2-weighted images and fluid attenuation inversion recovery (FLAIR) images. T1-weighted imaging was performed with TR/TE 350-650/16-19 ms, T2-weighted images with TR/TE 1500-3000/70-90 ms, and FLAIR with TR/TI/TE 4000/1700/60 ms. Axial images were obtained in individuals of both groups. Slice thickness was 5 mm with a 1.0 mm interval between obtained slices. A 256×256 matrix corresponding to a 0.75×0.75 mm pixel size and 4 excitations were used in all examinations. The field of view was 18-30 cm. Obtained MR images were evaluated by 3 experienced neurosurgeons with 25, 2, and 4 years of experience (MHS, AA, and TD, respectively) and 2 radiologists with 15 and 4 years of experience (AA and HS, respectively). Evaluation was by consensus, and when the observers disagreed, they discussed the case until and consensus was reached. Observers were blinded to the history of the individuals. Apparent diffusion coefficient (ADC, mm 2 /s) and a type of diffusion tensor metric fractional anisotropy (FA) were performed. Diffusion tensor imaging was performed with TE/TR=22/2000 ms; nex=4; FOV=30 cm; slice thickness=1.5 mm; matrix=192×192 reconstructed to 256×256; 31 slices; 3 non-weighted reference images, and 30 diffusion-weighted images (b=1000 s/mm 2 , non-colinear gradient directions). Measurements were done from 15 different sites of the brain with same-sized regions of interest (ROI) area by using an MRI workstation (Leonardo, software version 2.0, Siemens Healthcare) (Figure 1 ). ADC and FA values of bilateral frontal lobes and parieto-occipital white matter, hippocampi, globus pallidi, putamina, anterior and posterior crura of internal capsule, thalami, cerebral peduncles, pontes, cerebellar white matter, and corpus callosum anterior and posterior portions were evaluated. ADC and FA values were averaged from both sides.
Individual follow-up
As part of the standard neurological examination and follow-up, the individuals were examined neurologically by 3 neurosurgeons (MHS, AA, and TD). The divers' neurological symptoms after diving were recorded. The divers who experiences forgetfulness, impairment in navigation ability, or impaired finemotor skills were examined by neuro-psychometric tests.
Statistical analysis
The continuous variables presented hereafter are expressed as the mean ± standard deviation values together with the range between parentheses. Univariate analyses were conducted to examine the association between radiological and histopathological features. Differences among groups were assessed with the Mann-Whitney U test, using the IBM SPSS 19 statistical software (SPSS Inc., Chicago, IL, USA). Significance in the multivariate model was determined using a p value <0.05, and a trend-level effect was assigned to a p=0.05-0.10. All p values were 2-tailed.
Results
The mean age of the divers group was 35.27±7.6 (range 25-51) in divers and 34.93±7.9 (range 25-52) in the control (nondivers) group, and all were male. Mean maximum diving depth was 69.4 meters (14-150 meters) ( Table 1) . Two divers had additionally performed saturation dives to depths of 210-600 meters. Table 2 shows the number of dives.
ADC values of hippocampi were high in divers but low in nondivers (min=880, max=983; p=0,0002). FA values of globus pallidi (min=290, max=442; p=0,015) and putamina (min=154, max=396; p=0,031) were lower in divers than in non-divers. These findings demonstrated the high sensitivity to hypoxia in the hippocampus, globus pallidus, and putamen [11] . ADC and FA values of both groups are shown in Table 3 and Figures 2 and 3.
Symptoms of acute DCI (e.g., alteration of mentation or confusion, weakness, stool disturbance, fatigue, diplopia or visual loss, neurological disorders, and forgetfulness) were not observed in any divers or non-divers. We detected forgetfulness in 6 divers and deterioration in fine-motor skills in 2 divers (p=0.002 and p=0.17, respectively). All of them were examined using neuro-psychometric tests. The difference in ADC and FA results among divers who had symptoms (i.e., forgetfulness and deterioration in fine-motor skills) and divers who were symptomless was not statistically significant (p>0.05). ADC and FA values of both groups are shown in Table 4 .
Discussion
The causal relationship between white matter lesions and hypobaric exposure is unclear. No relationship has yet been demonstrated between presence of these lesions detected using diffusion MRI and total hypobaric (dose) (numbers of exposures or total hours of exposure), but it is possible that periods of more intense hypobaric exposure are important [2, 18, 19] . Professional divers may experience DCI, which is a condition that commonly appears after surfacing from a dive, usually within a few hours. Vann 
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discussing the diagnosis and treatment of DCI [19] . DCI is a complex condition resulting from changed barometric pressure, and includes high-altitude-related events, as well as DCI associated with sudden decrease in pressures during underwater diving [18] . Similarly, healthy experienced divers exposed to frequent hyperbaria also exhibit increased prevalence of such lesions in white matter, even without a past history of acute neurological DCI. In our study, diving time was more than 1000 hours, depth of diving was more than 30 meters, and the number of dives was more than 500.
Although several relevant case-control studies have been published over the last 15 years, the available reports are inconclusive. Neuropsychological deficit in divers may be related to a form of subclinical decompression sickness akin to multiinfarct dementia [2, 18, 19] . This is consistent with the finding that professional high-altitude workers also exhibit increased white matter lesions/changes and supports the proposition that development of white matter injury may be related to intensity of dysbaric exposure (decompression stress). Results of a recently published meta-analysis suggest that repeated hyperbaric exposure increases the prevalence of white matter lesions in experienced divers [2] .
In acute DCI, behavioral changes, memory disturbances, intellectual impairment, depression, and long-term neuropsychiatric conditions can be seen. The symptoms may occur as a result of repeated focal ischemia due to intravascular gas bubbles and mural hyalinosis of the small blood vessels [20, 21] . The bubbles first form at capillary and venule levels [22, 23] . Reduction in blood flow in cerebral tissue and neuropsychological performance were both associated with a history of frequent diving (³100 dives/year), environmental factors such as diving in cold water, and depth of diving (³130 feet; approximately 39.6 meters) [19] . DCI occurs as a result of the rapid decrease in ambient pressure that occurs after dissolved gas forms bubbles in tissues and venous blood [23] . The increase of erythrocyte concentration and aggregation, changes in blood viscosity, decreases oxygen transport, changes in local platelet concentrations in the bubble zone, and especially alternation in local concentrations of vasoactive amines and prostaglandins, have significant roles in the pathophysiology of DCI [24] .
Hypoxia can open intrapulmonary anastomoses, thus allowing venous bubbles to pass into arterial circulation. This filtration depends on the bubble size. Microemboli or tiny bubbles that pass entrapment to brain tissue do not cause injuries such as infarction. Normal cerebral circulation starts with the highly oxygenated arterial blood flowing through the gray matter of the brain, where much of the oxygen is used. Decreased oxygenated blood then flows to the long draining veins that carry blood to the white matter of the brain. As a result, small decreases in oxygen content can impair the blood-brain barrier and cause axonal injury [18] . Bubbles that travel through cardiac chambers and do not cause any symptoms are called as silent bubbles. These bubbles can be diagnosed using ultrasound and can cause subclinical lesions [19] .
Histological studies showed definitive evidence of subtle changes with no extensive areas of necrosis, including grossly dilated empty vessels in the white matter, small areas of focal necrosis in the gray matter, and diffusely distributed areas of vacuolation of the myelin around small blood vessels [25] [26] [27] . Gempp et al. [28] recently reported that that gas microbubbles generated by decompression can impair endothelial function and cause capillary leakage after inner-ear DCI in divers.
The mechanisms of the transient reduction in vascular function caused by repeated hyperbaric exposure, as in diving, are largely unknown [26] . An in vivo study by Eftedal et al. [26] concluded that simulated diving can cause cellular responses to oxidative stress related to breathing gas at high partial pressure of oxygen. They suggested that people with a history of vasculopathy associated with high plasma plasminogen activator inhibitor 1 (PAI-1) levels may be predisposed to developing DCI when PAI-1 is further elevated after repeated hyperbaric exposure, as in diving. Mazur et al. [27] showed in their animal experiments that vascular dysfunction after diving is dependent on the type of blood vessel. They found that vascular dysfunction is triggered by DCI rather than by repeated hyperbaric exposure, such as the diving accident itself.
Neuroimaging studies are helpful in further clarifying the diagnosis of diseases such as DCI. MRI is the best choice of imaging modalities to find pathological changes of DCI, but not all pathological findings seen in MRI should be treated. About 30-50% of hyperintense lesions (e.g., ischemia, edema, and swelling) of the brain and spinal cord can be demonstrated using MRI. These lesions do not enhance with contrast in postcontrast images [3, 4, 21, 29] .
All neuroimaging studies have reported the low sensitivity of MRI for detecting CNS injuries/impairments in patients with DCI [21] . This is related to the delay between the diving and performed imaging studies, because urgent hyperbaric recompression treatment is the priority. Furthermore, most of the authors used a 1.5 Tesla system, which has a low sensitivity compared with the 3 Tesla system. Few previously published MRI studies of DCI have used DWI, ADC maps, and DTI/FA. The use of these MRI sequences can increase MRI sensitivity and even provide additional information on the pathophysiology of brain injuries in professional divers. We used these MRI sequences to accurately assess the impairment, even if it was silent, in professional divers. ADC and FA could provide deeper insight into the relevant pathophysiological processes.
Comparing MRI findings of in various brain regions between professional divers and normal non-diving individuals was the basis of our study. In the present study, 15 brain regions (Table 1) were assessed by ADC and FA. In the divers, there were no signs of acute cerebral DCI. Forgetfulness (detected in 6 divers) was statistically significant in both groups (p=0.002), while deterioration in fine-motor skills, which was detected in 2 divers was not statistically significant (p=0.17). Although hyperintense lesions detected in hippocampal regions and focal white matter changes of our divers group had been showed in several previous studies, such as Rinck et al. [30] , Todnem et al. [31] , Hutzelmann et al. [20] , and Reul et al. [32] , the statistically significant results we obtained agree with the results of Reul et al. [32] .
Rinck et al. [30] found that 34% of their professional divers versus 42% of their non-divers had lacunar defects. Todnem et al. [31] showed that high signal changes were detected in 19% of the divers (37 divers) versus 41% of their control group (49 control individuals). Hutzelmann et al. [20] demonstrated that 37.3% of divers group and 47.9% of non-divers group had focal white matter changes. Reul et al. [32] found more brain lesions in divers than in control individuals. In the same study, the authors concluded that diving may cause long-term changes in the brain. A recent study reported a significant increase in lesion volume and number of white matter hyperintensities on MRI of U-2 pilots with occupational exposure to hypobaria [33] . To investigate complaints in our divers group, we achieved neuro-psychometric tests.
Moen et al. [40] studied cerebral diffusion and perfusion deficits associated with DCI in 91 professional divers and 45 control individuals. They used individual parametric images of ADC, CBF, cerebral blood volume (CBV), and mean transit time (MTT) on the basis of diffusion-and perfusion-weighted imaging. They demonstrated that ADC values were significantly higher in the divers than in the control group and found significant differences in gross white matter of brain regions, particularly in the frontal lobe. Differences were also found in the parietal lobe and temporal lobe regions, including the hippocampus. In the cerebellum, higher ADC values were found in the anterior lobes but not in the posterior part. Similarly, Matsuo et al. [41] reported 2 cases with neurologic DCI in which DWI signal intensity was only slightly high, but the areas with FLAIR and T2 hyperintensity showed high ADC values.
DWI is useful imaging technique to evaluate several pathological processes such as multiple sclerosis, traumatic brain injury, and ischemia. DWI can detect both of demyelination processes and axons loss. Such disorders may cause reduction of FA [15, 35] .
Hutchinson et al. [42] studied the usefulness of DWI for assessment of spinal DCI-related tissue damage. They measured FA and MD in spinal cord white and gray matter regions of samples taken from sheep following hyperbaric exposure to 60-132 feet of seawater (fsw) and 0-180 minutes of oxygen pre-breathing treatment before rapid decompression. They reported that decompression from more than 60 fsw resulted in reduced FA which was associated with cell death and disruption of tissue microstructure in spinal cord white matter tracts. Furthermore, reduced MD in spinal cord gray matter regions, regardless of dive depth, was demonstrated in animals exposed to prolonged oxygen pre-breathing prior to decompression. Our results showed the same, but in professional divers. We found lower FA values of globus pallidus and putamen (compatible with repeated hypoxia-induced white-matter tract degradation) in divers compared to our control individuals.
DWI and ADC provide functional information about the behavior of water molecules in tissue and ADC reflects changes quantitatively [12] [13] [14] . In our study, ADC values of the hippocampus were found to be higher in divers and lower in control individuals.
Increased ADC values were due to repeated hypoxia-induced cell damage, resulting in increased extracellular space fluid. Increased extracellular space fluid can show as being high on ADC maps, and if it is high enough, it can be seen as hyperintense on T2-weighted MRI [12] [13] [14] 21] . Moen et al. [40] demonstrated higher ADC values in the cerebellum, hippocampus, and frontal and temporal white matter. In our results, ADC values in the pons, parieto-occipital white matter, and globus pallidus showed trend-level effects from DCI (p=0.069, p=0.082, and p=0.087, respectively), which may be due to our small sample sizes.
The present study has some limitations that must be considered. Although this was a prospective study, the sample size was relatively small (11 experienced divers compared with 15 normal individuals). The sample does not represent a wide geographical area, as all the subjects were from Istanbul and surrounding areas. The results represent a single-institute experience, and other institutes may show different results.
Further prospective randomized studies with larger samples and homogeneity (in age, diving depth, diving time, and type of gases and equipment used) between cohort and control groups are required to improve the representativeness of the results.
Conclusions
Repeated hyperbaric exposure increases the risk of white matter damage in experienced healthy divers without neurological decompression illness. This is consistent with previously published reports. The hippocampus, globus pallidus, and putamen are the areas of the brain responsible for memory, learning, navigation, and fine-motor skills, and are sensitive to repeated hyperbaric exposure. Further prospective studies with larger sample sizes are necessary to investigate these findings systematically.
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